extraction, an aliquot of the upper phase was investigated in an agarose gel with respect to the megaplasmid contents. Other plasmid DNA and DNA restriction fragments were isolated and analyzed by standard methods used as described in references compiled in a previous study (37) .
Transfer of DNA. Competent cells of E. coli were prepared and transformed by the CaCl 2 procedure as described by Hanahan (22) . Conjugations of E. coli S17-1 (donor) harboring hybrid plasmids and of Pseudomonas sp. (recipient) or A. eutrophus (recipient) were performed on solidified NB medium as described by Friedrich et al. (21) or by a "minicomplementation method" on solidified MM containing 0.5% (wt/vol) gluconate as the carbon source and 25 g of tetracycline per ml or 300 g of kanamycin per ml. First, cells of the recipient strain were spread in one direction. After 5 min, cells of the donor strain were spread through the recipient lane. After incubation for 48 h at 30ЊC, growth of transconjugants was observed behind the intersection. Neither growth of the donor nor growth of the recipient alone was observed.
Construction of a genomic library of Pseudomonas sp. strain HR199. Partially EcoRI-digested genomic DNA of Pseudomonas sp. strain HR199 was ligated with EcoRI-linearized cosmid pVK100. The ligation mixtures were packaged in particles and subsequently transduced into E. coli S17-1. A total of 1,330 transductants were selected on LB-tetracycline agar plates, and the hybrid cosmids of these strains were conjugatively transferred to the vanillin-negative mutant SK6176.
Hybridization experiments. DNA restriction fragments were separated electrophoretically in 0.8% (wt/vol) agarose gels in 50 mM Tris-50 mM borate-1.25 mM EDTA buffer (pH 8.5) (43) . The transfer of denatured DNA to positively charged nylon membranes (pore size, 0.45 m; Pall Filtrationstechnik, Dreieich, Germany) and the hybridization with biotinylated or 32 P-labeled probes were done by standard procedures (43) .
DNA sequence determination and analysis. The dideoxy chain termination method (44) with modifications as described previously (37) was applied. The DNA sequences of vanA and vanB were determined by the primer-hopping strategy with synthetic oligonucleotides as primers (50) . The DNA sequence of vdh was determined with unidirectionally deleted derivatives of pSKHE35 and universal and reverse primers. Plasmid pSKHE35 was isolated, digested first with KpnI to protect the vector region and subsequently with HindIII to create the target region for exonuclease III, and then treated with exonuclease III plus mung bean nuclease. To determine the nucleotide sequence of the complementary strand, pSKHE35 was digested with PstI to protect the vector region and subsequently with EcoRI to create the target region for exonuclease III, before it was incubated with exonuclease III plus mung bean nuclease. In this way, unidirectional nested deletions were introduced into pSKHE35 initially from the EcoRI site opposite the HindIII site of fragment HE35 (Fig. 2) . The deletion mixture was religated, and the deleted plasmids were transformed into E. coli XL1-Blue. Nucleotide and amino acid sequences were analyzed with the Genetics Computer Group Sequence Analysis Software Package (GCG Package version 8.1, 1995) as described by Devereux et al. (17) .
Determination of transcription start sites. For the determination of the transcription start site, a nuclease protection assay was used. The hybridization conditions were as described by Berk and Sharp (2) and Sambrook et al. (43) , and the S1 nuclease treatment was performed as described by Aldea et al. (1) . Total RNA was isolated as described by Oelmüller et al. (35) . With respect to the transcription start site of the van operon, plasmid pSKH110 was used as template DNA in the annealing reaction and a synthetic oligonucleotide (5Ј-CCGGAGT GCAAGCGACATACCAGGCG-3Ј), which was complementary to positions 1192 to 1167 (Fig. 5) , was used for 35 S labeling. With respect to the transcription start site of the vdh operon, plasmid pSKHE35 was used as template DNA in the annealing reaction and a synthetic oligonucleotide (5Ј-TCGATTGAGAGTTG GGCTC-3Ј), which was complementary to positions 1017 to 999 (see Fig. 4 ), was used for 35 S labeling. Nucleotide sequence accession number. The nucleotide and amino acid sequence data reported in this paper have been submitted to the EMBL, GenBank, and DDBJ nucleotide sequence databases under accession numbers Y11520 (vdh and ORF2) and Y11521 (vanA and vanB).
RESULTS
Cloning of the genes involved in the vanillin degradation pathway. Pseudomonas sp. strain HR199 is able to utilize vanillin as the sole carbon source for growth. For identification of the genes which are involved in the first steps of the bioconversion of vanillin to protocatechuate, mutants which were unable to grow on vanillin but retained the ability to grow on protocatechuate were isolated after nitrosoguanidine mu- tagenesis. One of these mutants (SK6176) was chosen as the recipient for a genomic library of Pseudomonas sp. strain HR199. Two transconjugants which were complemented by the received hybrid cosmids and which grew again on vanillin were isolated. One of the corresponding hybrid cosmids, pE207, harbored one 23-kbp EcoRI fragment (E230). This fragment was also found in the second complementing hybrid cosmid pE115, together with 3-and 6-kbp EcoRI fragments. Fragment E230 was isolated and cloned in pBluescript SK Ϫ , resulting in the plasmid pSKE230, and a physical map of this fragment was obtained (Fig. 2) .
Subcloning of the genes vdh, vanA, and vanB. Plasmid pSKE230 conferred VDH activity to recombinant strains of E. coli XL1-Blue (Fig. 3) , indicating that the structural gene for the VDH (vdh) was located on fragment E230. By cloning subfragments of E230 in pBluescript SK Ϫ and by analysis of the recombinant strains, vdh could be assigned to a 3.5-kbp HindIII-EcoRI fragment (HE35) (Fig. 3) . However, transconjugants of the vanillin-negative mutant SK6176 of Pseudomonas sp. strain HR199, which harbored HE35 cloned in the broad-host-range vector pHP1014, did not regain the capability to grow with vanillin as the sole carbon source. This indicated that the defect of the vanillin degradation pathway in mutant SK6176 was not attributed to a defective vdh gene. Moreover, mutant SK6176 was phenotypically complemented by an 11-kbp HindIII subfragment (H110) of E230, indicating that additional genes required for vanillin degradation are located on this fragment. Since this mutant did also not grow on vanillic acid, this fragment should harbor the genes required for the conversion of vanillate to protocatechuate.
One candidate was the vanillate demethylase, which in Pseudomonas sp. strain ATCC 19151 was encoded by vanA and vanB (5) . A 48-mer oligonucleotide (5Ј-GTCCATGAGGTTGTC GATCATCAGCCGGTAGTCGCAGGCGATGTGGTA-3Ј) was synthesized as a vanA-specific probe utilizing the part of the amino acid sequence published by Brunel and Davison (5), which was specified by a small number of wobble bases in the codons, and the oligonucleotide was labeled with 32 P. This probe was hybridized at 37ЊC with restriction fragments of E230 and of the genomic DNA of Pseudomonas sp. strain HR199 after transfer to a nylon membrane. After the membrane was washed at 65ЊC, specific hybridization signals were obtained with 9. analyzed whether the cloned genes were chromosomally or episomally encoded. When megaplasmid and chromosomal DNAs were blotted onto a nylon membrane and hybridized with biotinylated HE35 DNA, specific hybridization signals appeared only with the chromosomal DNA fragments, whereas no signal could be detected with megaplasmid DNA.
Nucleotide sequence of vdh. To determine the nucleotide sequence of vdh, fragment HE35 was cloned in pBluescript SK Ϫ , and unidirectional nested deletions were introduced into the resulting hybrid plasmid, pSKHE35. The nucleotide sequences of both strands of HE35 were obtained from overlapping partial sequences determined by the dideoxy chain termination method and by using universal and reverse primers.
The DNA sequence of fragment HE35 is shown in Fig. 4 . The GϩC content of HE35 was 57.7 mol%. An open reading frame of 1,446 bp (ORF1), which was referred to as vdh, was identified. Its ATG codon at position 1797 ( Fig. 4 ) was preceded by a putative Shine-Dalgarno sequence (AGGAG) at a distance of 6 nucleotides. An inverted repeat, which was followed by an AϩT-rich sequence and may represent a factorindependent transcriptional terminator, was identified 9 bp downstream from the translational stop codon of vdh (Fig. 4) . The free energy of this structure is approximately Ϫ120.5 kJ/ mol, according to Tinoco et al. (52) .
A second open reading frame of 735 bp (ORF2) was identified upstream of vdh on the same strand. The ATG codon of ORF2 at position 997 (Fig. 4 ) was preceded by a putative Shine-Dalgarno sequence (GGAG) at a distance of 12 nucleotides. The translational stop codon of ORF2 was located 65 bp upstream of the start codon of vdh and followed by an inverted repeat starting 7 bp downstream from the translational stop codon. The free energy of this structure is approximately Ϫ54.6 kJ/mol (52) .
ORF2 and the gene vdh are most probably organized in one operon. A sequence (TTGACA-N 17 -TAGCTT), exhibiting 75% identity to the enterobacterial consensus sequence for 70 -specific promoters (24), which was preceded by an AT-rich "Ϫ43" region (6), was located 133 bp upstream of the translational start codon of ORF2 (Fig. 4) . This sequence was used as a promoter in recombinant E. coli strains harboring plasmid pSKHE35, which was revealed by mapping the transcription start site 9 nucleotides downstream from this sequence (position 872 in Fig. 4 ). The transcription start site, which was determined for Pseudomonas sp. strain HR199 grown on vanillin, at position 940 (Fig. 4 ) was different from this and was preceded 7 nucleotides upstream by a putative promoter sequence (ATAGCT-N 16 -TACCGT).
The GϩC contents of vdh and ORF2 were 58.7 and 60.0 mol%, respectively. The codon usages of vdh and ORF2 were very similar. For ORF2, the GϩC contents for codon positions 1, 2, and 3 were 62.0, 41.2, and 76.7 mol%, respectively, which corresponded well to the theoretical values of 63.9, 43.6, and 72.7 mol%, respectively, calculated by the method of Bibb et al. (3) . For vdh, the GϩC contents for codon positions 1, 2, and 3 were 68.7, 48.1, and 58.9 mol%, respectively, and deviated much more from the theoretical values, which were 63.0, 43.0, and 70.2 mol%, respectively. The extraordinary GϩC distribution within the codons of vdh was also reflected by a number of exceptions from the bias toward the use of codons with G or C in position 3: for aspartate, CAC was used only 8 times, whereas GAT was used 19 times; for asparagine, AAC was used only 4 times, whereas AAT was used 11 times; for arginine, CGA was used only 6 times and CGT was used 11 times, whereas CGC was used 9 times and CGG was used 6 times; for glycine, GGA was used 4 times and GGT was used 19 times, whereas GGC was used 18 times and GGG was used 3 times; for isoleucine, ATT was used 13 times and ATA was not used, whereas ATC was used 8 times.
Nucleotide sequences of vanA and vanB. Nucleotide sequence data were obtained by using the vanA-specific 48-mer oligonucleotide as a primer and a hybrid plasmid of pBluescript SK Ϫ harboring fragment H110 (pSKH110) as template DNA. To determine the entire nucleotide sequence of the vanillate demethylase structural genes and of adjacent regions and to analyze whether the vanillate demethylase of Pseudomonas sp. strain HR199 is also encoded by two genes (vanA and vanB), as in Pseudomonas sp. strain ATCC 19151, both strands of a region of 3,400 bp were sequenced by applying the primer-hopping strategy. The DNA sequence of this region, which is shown in Fig. 5 , exhibited a GϩC content of 56.8 mol%. An open reading frame of 1,062 bp (ORF3), which was referred to as vanA, was identified. Its putative translational start codon (ATG) at position 1153 ( Fig. 5 ) was preceded by a putative Shine-Dalgarno sequence (GAGG) at a distance of 8 nucleotides. The translational stop codon of vanA overlapped with the ATG start codon of the second open reading frame (ORF4) at position 2214 (Fig. 5) , which was also preceded by a putative Shine-Dalgarno sequence (GAGA) at a distance of 8 nucleotides. This open reading frame comprised 951 bp and was referred to as vanB. An inverted repeat that was followed by an AT-rich sequence and that may represent a factor-independent transcriptional terminator was identified 6 bp downstream of the translational stop codon of vanB (Fig. 5) . The free energy of this structure is approximately Ϫ88.6 kJ/mol (52) .
The genes vanA and vanB are most probably organized in one operon. The transcription start site for this operon was determined for Pseudomonas sp. strain HR199 grown on vanillin and for recombinant E. coli strains harboring plasmid pSKH110 at the same position 128 bp upstream of the translational start codon of vanA (position 1025 in Fig. 5 ). At 10 nucleotides upstream of this position, a putative promoter sequence (GTGGCG-N 18 -TTGGAT) was localized.
The GϩC contents of vanA and vanB were 58.1 and 57.7 mol%, respectively. For vanA, the GϩC contents for codon positions 1 and 2 (64.5 and 44.2 mol%) were slightly higher than the theoretical values of 62.6 and 42.8 mol%, calculated by the method of Bibb et al. (3) , whereas the GϩC content for codon position 3 (65.4 mol%) was slightly lower than the theoretical value of 69.1 mol%. For vanB, similar differences were found: the GϩC contents for codon positions 1, 2, and 3 were 67.0, 42.5, and 63.5 mol%, respectively, whereas the theoretical values were 62.3, 42.7, and 68.3 mol%, respectively. The tendency for relatively high values for the first and second codon positions and the relatively low value for the third codon position were much more pronounced in the vdh gene. The codon usages in vanA and vanB were very similar. For vanA and vanB, only a few exceptions occurred from the bias toward the use of codons with G or C in position 3, which occurred also in the codon usage of vdh. In vanA, for aspartate, GAT was used 14 times whereas GAC was used 10 times; in vanB, GAT and GAC were used 11 times each. In vanB, for asparagine, AAT was used six times whereas AAC was used twice. In vanB, for isoleucine, ATT was used 10 times and ATA was not used, whereas ATC was used 6 times; in vanA, ATT was used 10 times and ATA was used once, whereas ATC was used 12 times.
Properties of the vdh gene product. The relative molecular weight of the protein, calculated from the amino acid sequence deduced from the vdh gene, was 50,779. This value corresponded well to the molecular weight determined by sodium FIG. 5 . Nucleotide sequence of the 3.4-kbp region harboring vanA and vanB. Amino acids deduced from the nucleotide sequence are specified by standard one-letter abbreviations. The putative ribosomal binding sites and the putative promoter sequence are over-or underlined and indicated by the letters S/D or by Ϫ10 and Ϫ35, respectively. The transcription start sites are indicated by a dot and an arrow as determined by S1 nuclease mapping for Pseudomonas sp. strain HR199 and E. coli. The position of the hairpinlike structure downstream of vanB is indicated by the inverted arrow.
dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis for VDH, which was expressed in E. coli XL1-Blue harboring hybrid plasmid pSKE230, pKSHE35, or pSKHE35 (51,000 Ϯ 2,000) (Fig. 6) . Comparison of the amino acid sequence of VDH with those collected in GenBank revealed extended homologies with aldehyde dehydrogenases (AlDH) from different sources. An alignment of the amino acid sequences of VDH from Pseudomonas sp. strain HR199 and six representative AlDHs is shown in Fig. 7 .
Properties of the putative ORF2 translational product. The relative molecular weight of the protein, calculated from the amino acid sequence deduced from ORF2, was 27,297. This value corresponded well to the molecular weight determined by SDS-polyacrylamide gel electrophoresis of the ORF2 gene product, which was expressed in E. coli XL1-Blue harboring hybrid plasmid pSKE230, pKSHE35, or pSKHE35 (29,000 Ϯ 2,000) (Fig. 6) . Comparison of the deduced amino acid sequence of ORF2 with those collected in GenBank revealed significant homologies only to enoyl coenzyme A hydratases from other sources. It seems unlikely that the translational product of ORF2 is involved in the bioconversion of vanillin to protocatechuate, but it may have a function in related metabolic pathways, which will be investigated in the future.
Properties of the vanA and vanB gene products. The relative molecular weights of the proteins, calculated from the amino acid sequences deduced from vanA and vanB were 39,446 and 34,422, respectively. These values were only slightly higher than those determined by Brunel and Davison for the vanA and vanB gene products from Pseudomonas sp. strain ATCC 19151 (36,500 and 33,700, respectively [5] ). For the vanA gene product, this may be due to a mistake in the 5Ј region of the vanA sequence reported by Brunel and Davison. The comparison of the amino acid sequence of the vanA gene product of Pseudomonas sp. strain HR199 with that of Pseudomonas sp. strain ATCC 19151 revealed 78.0% identical amino acids in a 341-amino-acid overlap. Moreover, the TFASTA search resulted in the identification of another region of homology, upstream of the Pseudomonas sp. strain ATCC 19151 vanA start codon, postulated by Brunel and Davison but in a different reading frame from the previous region. The translated sequence exhibited 90.9% identity in a 22-amino-acid overlap with the amino terminal region of the vanA gene product reported in this paper (Fig. 8) . Beside the homology to the vanA gene product of Pseudomonas sp. strain ATCC 19151, the comparison of the amino acid sequence deduced from vanA of Pseudomonas sp. strain HR199 with other sequences collected in GenBank revealed only some weak homologies to the amino acid sequences of oxygenase subunits of some mono-and dioxygenases as well as to the ␣-chain of ATP synthases (Fig. 8) .
Comparison of the amino acid sequence of the vanB gene product with those collected in GenBank revealed highest homology to the vanB gene product from Pseudomonas sp. strain ATCC 19151 (62.1% identical amino acids [5] ). In accordance with the results of Brunel and Davison (5), the vanB gene product also exhibited homologies to reductase subunits of oxygenases from different sources. An alignment of the amino acid sequences of both vanB gene products and four representative ferredoxins is shown in Fig. 9 .
Heterologous expression of vdh, vanA, and vanB from Pseudomonas sp. strain HR199 in E. coli. Hybrid plasmid pK-SHE35, which harbors the 3.5-kbp HindIII-EcoRI subfragment (HE35) of E230 with the vdh gene colinear to and downstream of the lacZ promoter of the pBluescript KS Ϫ DNA, conferred VDH activity to recombinant strains of E. coli XL1-Blue (Fig.  3) . Even when HE35 was ligated to pBluescript SK Ϫ DNA with the vdh gene antilinear to the lacZ promoter, the recombinant strains of E. coli XL1-Blue exhibited VDH activity, as confirmed by polyacrylamide gel electrophoresis with subsequent staining for VDH activity (Fig. 3) . This result indicated that transcription of vdh in E. coli occurred from a promoter, which must be located upstream of vdh on fragment HE35. Moreover, analysis of extracts from E. coli XL1-Blue harboring hybrid plasmid pSKE230, pKSHE35 or pSKHE35 by SDSpolyacrylamide gel electrophoresis (Fig. 6 ) revealed coexpression of vdh and ORF2. Thus, it seems to be likely that ORF2 and vdh are organized in an operon, which is transcribed from the promoter sequence upstream of the transcription start site determined for E. coli XL1-Blue harboring plasmid pSKHE35 (Fig. 4) .
To obtain further evidence for functional expression of vdh, the recombinant E. coli strains were grown overnight in 50 ml of LB medium containing 12.5 g of tetracycline per ml and 100 g of ampicillin per ml. Cells were harvested by centrifugation, washed twice in 100 mM potassium phosphate buffer (pH 7.0), and resuspended in 50 ml of M9 medium containing 14 mM vanillin. With resting cells of E. coli XL1-Blue harboring pSKHE35, conversion rates up to 0.3 mol of vanillin to vanillic acid per min per ml of culture were readily obtained. The courses of the biotransformations are summarized in Fig.  10 .
Cells of recombinant E. coli XL1-Blue strains harboring pSKE230 converted vanillin to vanillic acid and subsequently also to protocatechuate (Fig. 10) . This indicated that vanA and vanB were also functionally expressed in these E. coli strains. Since vanA and vanB are located in the central region of fragment E230, they were presumably transcribed from their own promoter. This was confirmed by mapping the transcription start site in Pseudomonas sp. strain HR199 grown on vanillin and in recombinant E. coli strains harboring plasmid pSKH110 at the same position, 10 nucleotides downstream of this promoter sequence. FIG. 6 . Expression of the Pseudomonas sp. strain HR199 vdh gene in E. coli XL1-Blue. Extracts obtained from cells grown for 12 h in LB medium in the presence of tetracycline (12.5 g/ml) and ampicillin (100 g/ml) were separated in an SDS-11.5% (wt/vol) polyacrylamide gel, which was stained with Serva Blue R. Molecular masses of standard proteins are given in kilodaltons. Lanes: 1 and 6, standard; 2, E. coli XL1-Blue(pBluescript SK Ϫ ); 3, E. coli XL1-Blue (pSKHE35); 4, E. coli XL1-Blue(pKSHE35); 5, E. coli XL1-Blue(pSKE230).
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Heterologous expression of vdh, vanA, and vanB from Pseudomonas sp. strain HR199 in A. eutrophus and in Pseudomonas sp. Conjugational transfer of fragments E230 and H110 cloned in pVK101 or pVK100 from corresponding E. coli S17-1 strains (donor) to A. eutrophus H16 (recipient) enabled the transconjugants to grow on vanillate as the sole carbon source; however, transconjugants were not able to utilize vanillin. This indicated only that vanA and vanB were expressed in the transconjugants of A. eutrophus whereas vdh was not expressed, or that vanillin, in contrast to vanillate, is not transported into the cells. Equivalent conjugation experiments were performed with some Pseudomonas spp. as recipients which were unable to grow on vanillic acid and/or vanillin. Functional expression of vanA and vanB was obtained in transconjugants of P. oleovorans, P. syringae, Pseudomonas sp. strain DSM 1455, Pseudomonas sp. strain DSM 18, Pseudomonas sp. strain DSM 30, Pseudomonas sp. strain DSM 46, Pseudomonas sp. strain DSM 50, and P. aeruginosa, which were able to grow on vanillate. Functional expression of vdh was obtained in transconjugants of P. stutzeri, P. asplenii, Pseudomonas sp. strain DSM 13, Pseudomonas sp. strain DSM 15a, and Pseudomonas sp. strain D1, which were able to grow on vanillin.
DISCUSSION
A 23-kbp EcoRI fragment (E230) cloned from genomic DNA of Pseudomonas sp. strain HR199 (soil isolate) was found to encode the proteins which are essentially involved in FIG. 7 . Homology of Pseudomonas sp. strain HR199 VDH with AlDH from other sources. The amino acid sequence of human liver mitochondrial AlDH (25) (i), salicylaldehyde dehydrogenase (doxF gene product) from Pseudomonas sp. strain C18 (16) (iii), benzaldehyde dehydrogenase (xylC gene product encoded by TOL plasmid pWWO) from P. putida (26) (iv), succinic semialdehyde dehydrogenase (gabD gene product) from E. coli (33) (v), betaine aldehyde dehydrogenase (betB gene product) from E. coli (4) (vi), and acetaldehyde dehydrogenase (acoD gene product) from A. eutrophus (38) (vii) were aligned to the VDH sequence of Pseudomonas sp. strain HR199 deduced from vdh (ii). Amino acids are specified by standard one-letter abbreviations. Gaps (-) were introduced into the sequences to improve the alignment. Amino acid residues which are identical to Pseudomonas sp. strain HR199 VDH at one particular sequence position are shaded. The consensus sequence is given in row viii. the bioconversion of vanillin to protocatechuate. A 3.5-kbp HindIII-EcoRI subfragment of E230 harbored the structural gene vdh, encoding VDH. This is the first report of the molecular characterization of a vdh gene encoding a protein with NAD-dependent AlDH activity for vanillin. The amino acid sequence deduced from vdh showed extended homology to AlDH from other sources. The highest homology was obtained with the salicylaldehyde dehydrogenase (encoded by doxF) from the dibenzothiophene-degrading Pseudomonas sp. strain C18 (16) and the benzaldehyde dehydrogenase (the xylC gene product) of Pseudomonas putida (26) , reflecting the specificity for aromatic substrates which is shared by these enzymes.
Cys-302 (positions according to the amino acid sequence of human liver mitochondrial AlDH [25] ), which is the only strictly conserved cysteine residue in all known AlDHs, was also conserved in VDH (Cys-284). Cys-302 is doubtless the active-site nucleophile, which is responsible for the dehydrogenase as well as the esterase reaction of aldehyde dehydrogenases (20) . The second amino acid residue (Glu-268), which is proposed to be an essential component of the active site and functions as a general base or as a component of a charge relay triad necessary to activate Cys-302 by ionization (55) , was also conserved in VDH (Glu-250). Histidine residues His-29 and His-235, which were formerly thought to be involved in the   FIG. 8 . Homology of the Pseudomonas sp. strain HR199 vanA gene product to the vanA gene product of Pseudomonas sp. strain ATCC 19151, to oxygenase subunits of mono-and dioxygenases from different sources, and to the ␣ chain of ATP synthases. The amino acid sequence of vanillate demethylase (vanA gene product) from Pseudomonas sp. strain ATCC 19151 (5) (ii), phenoxybenzoate dioxygenase (pobA gene product) from P. pseudoalcaligenes POB310 (15) (iii), 3-chlorobenzoate 3,4-dioxygenase (cbaA gene product encoded by Tn5271) from Alcaligenes sp. strain BR60 (31) (iv), dibenzothiophene dioxygenase (doxB gene product) from Pseudomonas sp. strain C18 (16) (v), and part of the ␣-chain of the ATP synthase from Oenothera biennis (46) (x) were aligned to the vanillate demethylase sequence of Pseudomonas sp. strain HR199 deduced from vanA (i). Amino acids are specified by standard one-letter abbreviations. Gaps (-) were introduced into the sequences to improve the alignment. Amino acid residues which are identical to the Pseudomonas sp. strain HR199 vanA gene product at one particular sequence position are shaded. The consensus sequence is given in row vi. In row ii, the part of the amino acid sequence of the vanA gene product from Pseudomonas sp. strain ATCC 19151 which was deduced from the corrected nucleotide sequence is given in lowercase letters.
VOL. 179, 1997 BIOCONVERSION OF VANILLIN TO PROTOCATECHUATE 2603 catalysis but were recently excluded by site-directed mutagenesis (59), were consistently not conserved in VDH. A sequence which was formerly believed to represent the coenzyme binding site (18) , including Gly-223, Gly-225, Gly-229, Gly-245, and Gly-250, was only partially conserved in the sequence deduced from vdh: Gly-245 and Gly-250 are equivalent to Gly-228 and Gly-234 of VDH, respectively, whereas the other glycine residues were substituted. Since Gly-245 and Gly-250 are strictly conserved in all known AlDHs, it was proposed that they form the hinge region for binding the adenosine moiety of NAD ϩ (19) . A motif with the consensus Gly-X-Lys-X-Ser-Gly-X-Gly (where X represents any amino acid) near the carboxy termini (positions 446 to 453 of VDH) of several AlDHs was also found to be highly conserved (56) and might be a candidate for the coenzyme binding site. Interestingly, the change of Glu-487, which is adjacent to this region, to lysine by site-directed mutagenesis resulted in a large increase of the K m for NAD ϩ of the altered protein, indicating that Glu-487 is responsible for coenzyme binding (19) . The same substitution in humans is associated with a low ethanol tolerance due to a nearly inactive AlDH (58) . Nevertheless, a conservative substitution of Glu-487 by glutamine, as is found in VDH, or by aspartate or histidine, as is also found in some other AlDHs, seems to have no influence on coenzyme binding. Actually, the substitution of Glu-487 by glutamine by site-directed mutagenesis had very little influence on the properties of the mammalian AlDH (19) . The expression of vdh in E. coli was constitutive and occurred most probably from the 70 promoter-like structure indicated in Fig. 4 , which was confirmed by S1 nuclease mapping of the transcription start site 9 nucleotides downstream from this sequence. In contrast, the expression of vdh in Pseudomonas sp. strain HR199 was inducible. Cells grown on vanillin exhibited VDH activity, whereas gluconate-grown cells lacked this activity (Fig. 3) . In accordance with these results, the promoter used in Pseudomonas sp. strain HR199 was different from that used in E. coli; this was also confirmed by S1 nuclease mapping of the transcription start site in Pseudomonas sp. strain HR199 grown on vanillin.
The second step of vanillin degradation to protocatechuate is the demethylation of vanillate (Fig. 1) . In this reaction, which is catalyzed by vanillate-O-demethylase, one oxygen atom is introduced at the methyl carbon, generating an unstable hemiacetal. This hemiacetal then decomposes to protocatechuate and formaldehyde (13) . Reactions of this type are catalyzed by oxygenases, which can be grouped into three major classes (29) : class I oxygenases are two-component oxygenases, where a flavin (flavin mononucleotide in class IA; flavin adenine dinucleotide in class IB) and an iron-sulfur cluster are part of the same reductase. Class II oxygenases are threecomponent dioxygenases, where the flavin is part of a separate reductase and the iron-sulfur cluster is part of a ferredoxin (chloroplast-type ferredoxin in class IIA; Rieske-type ferredoxins in class IIB). Class III oxygenases are three-component dioxygenases like those of class II, but the reductase contains (5) (ii), phenoxybenzoate dioxygenase (pobB gene product) from P. pseudoalcaligenes POB310 (15) (iii), phthalate dioxygenase reductase (pdr gene product) from Burkholderia cepacia (12) (iv), 3-chlorobenzoate 3,4-dioxygenase (cbaB gene product encoded by Tn5271) from Alcaligenes sp. strain BR60 (31) (v), and benzoate dioxygenase (xylZ gene product encoded by TOL plasmid pWWO) from P. putida (23) (vi) were aligned to the vanillate demethylase sequence of Pseudomonas sp. strain HR199 deduced from vanB (i). Amino acids are specified by standard one-letter abbreviations. Gaps (-) were introduced into the sequences to improve the alignment. Amino acid residues which are identical to the Pseudomonas sp. strain HR199 vanB gene product at one particular sequence position are shaded. The consensus sequence is given in row vii.
an iron-sulfur cluster in addition to the flavin. The oxygenase components of all three classes contain a Rieske-type ironsulfur cluster and one mononuclear nonheme iron. The genes vanA and vanB encoding the subunits of the vanillate-O-demethylase of Pseudomonas sp. strain HR199 were localized on an 11-kbp HindIII subfragment of E230. These genes showed a high degree of homology to corresponding genes from Pseudomonas sp. strain ATCC 19151, described by Brunel and Davison (5) , and as in Pseudomonas sp. strain ATCC 19151 (14) , these genes are not located on the megaplasmid but on the chromosome. The vanillate-O-demethylase from Pseudomonas sp. strain HR199 consists of two components (class I). In the oxygenase component, encoded by vanA, regions containing cysteine and histidine residues (which were proposed to be the ligands of the Rieske-type iron-sulfur cluster [15, 29, 31] ) and the aspartate and histidine residues (which are proposed to bind the mononuclear nonheme iron [15, 31, 57] ) were conserved. The reductase component, encoded by vanB, contained the flavin mononucleotide-isoalloxazine ring binding domain, the NAD-ribose binding domain, and the chloroplasttype ferredoxin iron-sulfur cluster binding domain arranged in a way that is typical of class IA reductases (12, 15, 31, 32, 36) .
The region of homology of the vanA gene product to the ␣ subunits of mitochondrial ATP synthases was located near the carboxy terminus, with respect to the amino acid sequences of the ATP synthases. These regions of homology were not identical to the adenine nucleotide binding domains GDRQTGKT and LIIY proposed for this ATP synthase subunit (46, 54) . Whether there is any physiological relevance of the conserved sequence motif QICXEXXXFYRG shared by these enzymes, as identified in this study, remains to be elucidated.
The expression of vanA and vanB from Pseudomonas sp. strain ATCC 19151 in E. coli was achieved only when the genes were cloned in vectors of the T7 polymerase-promoter expression system (5) , and the authors concluded that Pseudomonas promoters are generally not recognized by E. coli RNA polymerase. In contrast, the heterologous expression of vanA and vanB from Pseudomonas sp. strain HR199 in E. coli was achieved with a pBluescript SK Ϫ hybrid plasmid, harboring the genes in the central region of a 23-kbp EcoRI fragment. There- FIG. 10 . Biotransformation of vanillin to vanillate by recombinant E. coli harboring the vdh gene of Pseudomonas sp. strain HR199. Recombinant strains of E. coli XL1-Blue were grown overnight in 50 ml of LB medium containing 12.5 g of tetracycline per ml and 100 g of ampicillin per ml. The cells were harvested by centrifugation, washed twice in 100 mM potassium phosphate buffer (pH 7.0), and resuspended in 50 ml of M9 medium containing 14 mM vanillin. Samples were taken after the indicated periods, and the culture supernatants were analyzed by HPLC as described in Materials and Methods. fore, it is likely that the transcription occurred from the promoter structure located on the cloned fragment upstream of vanA and not from the lac promoter of the plasmid, which was confirmed by determination of the corresponding transcription start site. In this case, the Pseudomonas promoter was also recognized by the E. coli RNA polymerase. Taking into account that the vanA gene from Pseudomonas sp. strain ATCC 19151 starts 68 bp upstream from the translational start codon predicted by Brunel and Davison (5) , there is only a short upstream region of 190 bp left on the cloned SalI-HincII fragment, and thus, the promoter region might be located not on this fragment but on the adjacent SalI fragment.
